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As a means of attaiiiing a sterile spawcrnft, design inforiiiatiori is 
required for liquid yropulsion SI steins m hich can be heat sterilized in 
the loaded condition N ithout \ entiiig. hi analysis WAS yerfornned to 
determilie the \ alues of the s) stem operating parameters which mirii- 
mize the system mass. He\tilts are presented for h t h  ititcrnally and 
externally prtwurizcd tankagc s\ 5teins. The tankage niaw for 5teriliL- 
abk s!.stcwii is appro\irnatcbl\- twice that for non~terili/al)lc s>.stcniu. 
This will iiieaii an iiicwase of 5 to 10% in propulsion \\stein ma\\  for 
0 p ~ c d  app1icatioiis. Tht~ tankage mass i \  ininiinimd \\hen the tank is 
fio to 7% filled with propc~llants I prior to heating \ in the e\tcrnail! 
pre\surizcd caw aiid appicx\imatel\ -WY f i l i t d  in the i i  1 temalh prewir- 
ized case. 
I. INTRODUCTION 
.S prim. olijecti\.e of firtiire rinmaniiid missions is the 
scwch for life 011 other plaiic,ts. I n  order to c.oni1iic.t such 
experimrwts meaningfully. any spacrt,raft landing o n  the 
planet or elitering its atmosphtw miist be \oid of Earth 
organisms. If not. the possibility will exist that ”hitch- 
hiking” organisms might find a clim‘ite favorabk for 
growth, perhaps even growth on a largc scale: therefore, 
it has lx~oint~ national pdicy that objects a.1ric.h cntcr 
the atmospheres of other planets must be ctvrilized. 
Currently it appears that the rcquisite c1cg-w of de- 
contamination may be ;ichicxvt*tl onl!. by exteridrd expo- 
siirc to high teinpratiircs (dry heat sterilization\. .\ 
typical requirrment \vcwid iw 24 Iir at 2%’ F { 145- C ) .  
A t  present, there arc two applications for sterili/.ahle 
liquid propellant supply s! stems under ioiisidcration. 
One is the touchdown rocket for il soft I;inder. Tlii\ 
mission would prohnbl). riot lw ,ittc*mptt.d until scum1 
successful “ h a r d  Iaiidings liad been m d e .  Sim.c t h t -  
tiing is a reqtiirrd c41aracteristic (Jf tlw touciitfov..ri sys- 
\\'bile the sterilization reqliirt.ment has large impli- 
cations on  many spac.eCraft subsystems, we are tnncerned 
herein with the vfft-ets on propiilsiun systems. and 0x1 
liqiiid propitsion systcms in pilrticulm. -4 cwsory study 
of typical pressure-fccl moriopr~)p~’ll;tnt and bipropellant 
syt t~rns  indicated that certain components could prob- 
ably withstand the high temperatiire c-n\ ironmcnt with- 
out modification providd  thiit : 
I .  .\latcri& lvrre t i . \ e d  \I hich \yere not inc~ompatihle 
with t l i e  pIol~t~ll.ii~ts a t  t l ie  hiqlirr tcmpvrAtiirc.. 
-7. T!ic sy\tcm \voiiltl not Iw rcqiiired to function \s.hile 
r q n w d  to t h e .  <.It.\ atrd ttmptmtturt.. 
1 
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II. EXTERNALLY PRESSURIZED TANKAGE SYSTEMS 
1.  Operating prtAisure. 
2. Tank material. 
3. \+7cld factor ad safety factor%.. 
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'I'hcwforr, the prrpreswrized tank volume I \  
SirlLx- t f w  term 
( 1  1 1  
E 
is veq much smcrllrr than unity (on the order of IO->), 
w e  linearize to obtain 
"1 
If thc ic*rnperattire is raised from T ,  to T ,  during a 
strrilization cycle. a voliirnetric expansion of the tank 
owirs  due to thc~mal  effects and to the cvncornitant 
incrtmed p r t w u r e .  The propellant expands diie to in- 
creawd temperature. but its vulunic change due to  
incrc1,rcc-d pressure of thf. nrdtsr to ht. crmsidered t.an 
easily he shoxvri to be twg1igit)lt.. Thth c.li:ingc iri radiiis 
due to thermal expansion is p i v w  hy 
( R , ,  - R i u j  =.- Rl,v R (T2 - T . ) .  (.S! 
The iiicrt-astd yrt'ssurt. insidv the tauk givw rise to a 
ne\v stress iii the taitk, wl. 1I;id tlir tank m p n d e d  from 
a cooridition of zero rtress to u:. the change iri radius due 
to prmsiue effects \vould he 
(Si 
The first-order total change in radius due to both the 
thermal and pressure effects is 
(R2 - R I , )  = (RZIr -- E,,,) - ( I ? ? ,  -- R IF 1 7 
or, from Eqr. ( 2 ) ,  (5 ) .  and (7) 
I J 
where the highcr-order terms have bet.n neglected. So\v 
UP have the new tank volume, namely 
The diffrrencr hctween the tank volume and propellant 
volume at either teniiwrature i s  the \x-Jurne rxcupied by 
the gas. M'e write Eq. (10) as 
or 
11 1 
(18) 
The mass of the tank is found from 
.\I. k o ,  R L  t-U' 
(13) 
3 
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I -  
and 
(15) 
I n  order to otttairi the dcsirrd expression for tht. tank 
mass, we rtyuirr. an esprcrssion relating thc d t m i t y  of 
the tank material at the stcriliwtion cudi t ion to the 
density at T , ,  before prepressnrization. Consider it  vol- 
iiinv t4rmc.nt of the tank \\.all \\-it11 rc1gc.s consisting of 
tx+w ortliogoiral meridians and the tank radius. Let tht. 
h g t h s  dong the t \vo  rnrriciioiral dirvctions Irt. x arid ! I ,  
and tlic.  thickness hc3 t .  The \.olumta of thc dt.rncwt is 
(17) 
Since 
i t  follo\vs that 
(21) 
Thv thermal rapan\ioii  dur to the ht.,iting of the tank 
gives rise t o  the follo\sing strams: 
From Eqs. (N) ,  i~21,1, and (2-7). the drn\ity t ii,cngl; t l k ~ c ,  
to the combined effects of the internal pressure d11d 
thrrmal expansion, is 
or 
M hcrt  
and 
Products of ttwns small tornpared to m i ?  dre nt$ccttd. 
I n  order to obtain an c\plicit e\prt'q\ion for the tank 
M 311 thicknesc, note that 
4 
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\+ l i i l t .  for groiincl handling 
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T, 4--- L-NONSTERILIZABLE - 
TANK 
' 1 1  I 
I ' --__-+ 
0 IO 20 30 40 50 60 70 80 90 
ULLAGE, oh 
Fig. 1. Ratio of tank mass to propellant mass 
for different preprersurization levels 
in a hydrazine system 
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035/ 7rB : PREPRESSLJRIZATION F F i A C f I 3 k  
1 T&hK VATEFilllC 3 L l ~ M t Y U h r  7 3 i 4 - T 6  
33ok - OP€RA'ING PRESSURE 2 2 3  ps  o -. 
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1 S E R I L i Z A T i O h  TEMPERATURE 293.F 
- 
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. NOtuSTERILIZaBLE 
Fig. 2. Ratio of tank mass to propellant mass 
for different prepressurization levels 
in a IRFNA system 
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Plots of Eq. (24j for  the sterilizahle s!-stem and Eq. (:Mj 
for the ncmterili.al)lc s1.stt.m arc givm in Figs. 1 through 
6. The sttriliziiblr system cunm werca colllptitcd 011 the 
basis that 0:. . .An indieation is given of the limiting 
\~aliie t)f TI, for which this i s  a valid procedure. (,See 
.ippendix .-I for method of calculation.) Table 1 c m -  
tains v d w s  of a,, .,r,. dett.ririiiic.d from Figs. 1 throiIg!l 6. 
r,, is the \ . A ~ I I ~ . ,  of r,, \vhich \.it.ltis the niiiiimurii tank 
- - -  ,_ -~~ - ~ ' 1  I 1  
- 4 -  i 
T~ = PREPRESSURtZATlON FRACTION 
TANK MATERIAL ALUMINUM 20l4-T6 
OPERATING PRESSURE 2 2 0  p s i 0  , 
I LC)waBLE STRESS OF TCYK AT 2 9 3 0 ~  ----- 
43,600 p s i ~  I , 
I 
STEil!LIZATiON TEMPERATURE 293O F I 
r-_- W E L D  FACTOR 2 
1 k--* - T- 
-I/ 
Fig. 3. Ratio of tank mass to propellant 
mass for different prepressurirutien 
levels in a N,O, system 
Table 1. Optimum ullage fractions 
3 0  b 31 
35 5 to 37 5 
N.O. 44 )a 48  
36 to 40 
27 
UDMH 
w- i 1 
H-0: 30 
- 7, - -  Q60 --__I_ - 
o ~ o  ALLOWABLE STRESS OF TANK AT 293.F 43,600 pi 
0.45 1 WELD FACTOR 2 '"p = PREPRESSURIZATION FRACTION TANK MATERIAL. ALUMINUM 2014-T6  OPERATING PRESSURE 220 p s i 0  1 STERILIZATION TEMPERATURE 293OF 
1'- NDNSTERILIZABLE 
i TANK 
1 1  
I 
-1 -----I 
o 1 0  20 30 4e x, 60 70 eo 90 
1 
J L L A G E ,  % 
Fig. 4. Ratio of tank mass to propellant 
mass for different prrpressurization 
levels in a UDMH system 
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-- -1 --I--- - - _ _  _- = PREPRESSURIZATION FRACTION 
I 
OPERATING PRESSURE 220 prio 
ALLOWABLE STRESS OF TANK AT 293-F 43,600 psi 1 
STERILIZATION TEMPERATURE 293'F 
I 
BEYOND & THE TANK WOULD BE 1 DESIGNED TO THE GROUND 
HANDLING CONDITION 
STERILIZABLE 
ULLAGE, X 
Fig. 5. Ratio of tank moss to propellant 
mass for different prepressurizotion 
levels in a RP-1 system 
Tht, inqxortarit cx-t,rrc.lu~ion to be drawm from Fijis. I 
through 6 c'oiwerns the rthtionship of thc tank inass 
r cvpiremrn t s for s t vr  i li z td  a I it1 1101~ s t rril i zet l s y st en=. 
For thc stcrilizvd system, it is clear that the design 
rumlition \sor1ld h~ rimsen close to A,, ,,,,!. For non- 
steriliztd systems, the choicv is less obvious. In this study, 
the idPalizc4 assumption has been made that both the 
sterilized and rionst~rilized systems ivoilld be loaded 
and fired at  a riniforin trmperatnrt*. In reality, a range 
of temperatiircs worrld ha\.e to be accu~ninmdatrd, qincc 
tight control o f  spicecraft s!.str.m ttmptmtrtres during 
fliglit is quite difficrilt. Thercforel an airalysis similar 
to that of the strrilizablc system is required even for 
nonsterilized systems in the real cast.. \f'hiIe such is tw- 
!md oiir scope here. it is sufficient to notv that valtws 
of .5 to  20% for r W  hiive hetw used in nonsterilized sys- 
trms flown to date. Tirerefore. it is rt~.isoliahlc~ to use 
T.'S in this range iis t u s c  p i n t s  for the ilisterilizd 
system in the system mass tumpdrisons. 
8 
1 
1 
- - . - ~ _ _ _ _  
5 = PREPRESSURlZATlON FRACTION 
TANK MATERIAL ALUMINUM 2014-T6 t 
i 
1 
PRESSURE 220 pwo 
ALLOWABLE STRESS OF TANK AT 293.F 43,600 psi 
STERILIZATION TEMPERATURE 293OF 
WELD FACTOR 2 
- 
Fig. 6. Ratio of tank mass to propeflant mass for 
different preprerrurizotion levels in a HIO, system 
MASS N~ O,/MAS- e HYDRAZINE 
TANK MATERIAL 4LLMINUM 2914 -T6 
I2 
WERATING PRESSURE 220 psio ---i 
ALLOWABLE STRESS OF TANK AT 293-F  
STERILIZATION TEWDERATURE 293°F ---i 
WELD FACTOR 2 
BOTH TAffKS HAVE THE SAME JLLAGE 
43,600 P S I  
iiLLAGE .% 
Fig. 7. Ratio of total tank moss to total propellant 
mass in a N,O,-N,H, system 
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60 Y 1 0 0 %  
U C L AGE, Ye 
Fig. 8. Ratio of total tank mass to total propellant 
mass in a IRFNA-N2H4 system 
i MOSS I 
Prope l lant  1 ratio , 
I I 
.% cnmparison of the niaqses for sterilized and non- 
sterilized systems is give11 in Tablr 2. One may note that 
the rat10 varic*s from ahout 1.5 to 2.5 for propellants 
which I c x ) ~  itt Itbast fairly si i i talh for use in s t rdized 
systems. This coinparison is based on the optimllm ullage 
fraction valurs giwn in Tabit. I .  
--- - r - ----- __-_-  __.- 
I( = TANK WALL THiCKNESS AT 70'F 1 
O o o 7 r   = -- TANK RADIUS AT ?O°F 
m =  MASS HYDRAZINE I 
I p = DENSITY OF HYDRAZINE AT 7OoF 
4 
wP= PREPRESSURiZATfON FRACTION 
TANK MATERIAL ALUMINUM 2014 - T 6  
OPERATING PRESSURE 220 pr io  
ALLOWABLE STRESS OF TANK AT 293' 43,600 psi 
* 
- 
k 
Y . 
00% ---- 
ULLAGE, ?'a 
Fig. 9. Ratio of tank thickness to tank radius 
for different prepressuriration levels 
in a hydrazine system 
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- - 7 - - - r - - i 7 -  7- 
t, = TANK WALL THICKNESS AT 70-F 
O our----- r, = TANK RADIUS AT 7 0 0 ~  , ~ O T  PREPRESSURIZED 
oO!f I TANK MATERIAL ALUMiNUM 2014- T 6  
?( = (E -23'3 4 r  oo12t m = MASS IRFNA 
p = DENSITY O f  iRFNA AT 70°F 
ru = ULLAGE FRACTION AT 7 O T  
rrp = PREPRESSCIRIZATlON FRACTION 
OO'Ot-- WERATING PRESSURE 2 2 0  p s i 0  
ALLOWABLE STRESS OF TANK AT 293OF 43,600~ ooo9c STERlLIZATcOY TEUPEPATURE 293'F 
t 
t 4 00~31- + ~ . . - ?  
I , 
I 
3 IO 20 30 40 50 6 0  70 80 90 
U L L AGE , % 
! 
0 ow: 
, 
Fig. 10. Ratio of tank thickness to tank radius 
for different prepressurization :eveis 
i n  a IRFNA system 
i 
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30 ea 50 60 7 0  BO 
ULLAGE, % 
Fig. 1 1 .  Ratio of tank thickness to tank radius 
for different prepressurization levels 
in a N20, system 
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PREPRESSURIZED 
1 m y  MASS UDMP 
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STERILIZATION TEMPERATURE 
i 293OF 
ULLAGE .Ofo 
Fig. 12. Ratio of tank thickness to tank radius for 
different prepressurization levels in a UDMH system 
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JL L AGE, Yo 
Fig. 13. Ratio of tank thickness to tank radius for 
different prepressurization levels in Q RP-1  system 
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Fig. 16. Propellant tank pressure at sterilization 
temperature versus percent ullage for 
different prepressurization levels in 
a IRFNA system 
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Fig. 14. Ratio of tank thickness to tank radius 
for different prepressuriration levels 
in a H 2 0 i  system 
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Fig. 15. Propellant tank pressure at  sterilization 
temperature versus percent ullage for 
different prepressurization levels 
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Fig. 17. Propellant tank pressure at sterilization 
temperature versus percent ullage for 
different prepressurization levels 
in a NIO, system 
I 
I 
I 
I 
I 
I 
I 
i 
i 
I 
I 
~ 
I 
200 
JPL T E C H N I C A L  MEMORANDUM NO. 33-21 1 
, / I ; ] : ! {  1 
t o o , L _ i - - i -  ' 293°F I 
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\ ' ALLOWABLE STRESS OF TANK 1 
Fig. 18. Propellant tank pressure at sterilization 
temperature versus percent ullage for 
different prcpressurization levels 
in o UDMH system 
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Fig. 19. Propellant tank pressure at sterilization 
temperature versus percent ullage for 
different prepressurization levels 
in a RP-1 system 
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Fig. 20. Propellant tank pressure at sterilization 
temperature versus percent ullage for 
different prepressurization levels 
in a HIOl system 
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Ill. INTERNALLY PRESSURIZED TANKAGE SYSTEMS 
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or 
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Fig. 22. Tank pressure versus pressurization 
fraction fot a hydrazine system 
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1 /3 
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Fig. 23. Ratio of wall thickness to tank radius for an 
internally pressurized hydrazine system 
1 I I 
P-ie ZTANK PRESSURE AT COMPLETE E X P W S I O N  OF 
TANK M A T E R I A L .  T!TANIUM 6 A 1 - 4 V  
PROPELLANT, mi0 
i ALLCWABLE Y I E L D  STRESS OF TANK MATERIAL AT 70' F 63,600 p s i  AT 293'f 102,000 p13 
I 
i 1 
I 
PRESSUQIZING GAS H E L I U M  
STERIL IZATION TEMPERATURE 293. F 
TEMPERATURE A F T E 9  LOADING 70. F 
W E L o  FACTOR 2 
POLYTROPIC EXPANSION RATIO I 4  
F L I G H T  TEMPEQATURE 70. F 
--- 
PRESSURIZATICN FRlCTlOrY 
Fig. 24. Ratio of system mass to propellant 
mass for an internally pressurized 
hydrogen peroxide system 
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fraction for a hydrogen peroxide system 
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Propellant K 
IRFNA 0.624 
( T , / T , )  (XJ1,' - p ,  1 )  
(A-2) Hydrazine 0 9';s 
APPENDIX A 
PUIIPI.? 
1 . 2 3  
1125 
Selection of Design Sfress Condition 
IRFNA PP2 
PPI ( A 4  Ilydrazine 
x * > l - - .  
The range of 'Ay indicated by Ineq. (AA) includes NZO, 
CDSfIi 
RP-1 
those values which are used herein. 
Letting fLOZ 
Assuming that the propellant tank is ciwigncd so that 
o:, , with U, determind via relationship (ZY), under 
Given a propellant, the initial and final temperatw-cs, 
the operating pressure. ry, and tank safety factors, this 
relationship tells us for \vhat Tu the cmstraint is satiificrd. 
c2 
what conditions is uI < u:? 
The mrre&on factors for pressure and ther-na] effects 
in Eq. (27) will be set equal to unity for simplicity, 
In this analysis, the following are assumed: 
although some error is therrby introduced into the analy- fi =x 0.8 
n-. > -0.57 
r. < 1.22 
n-. 3, 0.216 
s. > -0.70 
*. < 0.52 
*" < 0.69 
(A-1) 
Using the constraint (33) and Eqs. (28) and (29). we arrive 
at the following Thus 
f = 1.6 
The propellants analyzed along with the wnstraints of 
2 3  p i a :  if we substihite Eq. (I'), irrgIect the c.orrt,ction factors, 
and rearrange trmnh,, we obtain relation (ti-4) are listed for r,, - 04 and P,,  
x. 
if the inequality 
1 - ""'(1 -a,) 2 0 
P ; :  
holds, that is, if 
C\ing these value\ in Ineq. (A-5) the following 
range of -*. in 1% hich Inecl. (33) is catiisfied, for the selected 
pressurization level : 
The physically significant range of ra is dt-find using 
Ineq. (A-3) can be rearranged to the following: Ineq. ( A i  as follovvs: 
(.4-5) 1-&<7r,<1.0 . (A-6) 
PP 1 
. 
IRFSA 
Hydrazinc 
S20, 
l1DhlH 
0.18 < r r  < 1 
0 .11  .: *. < 1 
f).:34 .: T" < 1 
0.19 r: *. < I 
mass, go on to infinity. 
Thus. it is seen that for only HP-1 and tf10- n-wild it tw 
necessary to design the tank to the lou -tc*irIpc'rat\rre cri- 
terion \vithin a portion of the ph~-~ical l !~  rt.alizable rarige 
of T~,. IiO\Ve\'eJ, the optimuni valitc-5 of z,. for IW-I and 
APPENDIX B 
Determination of Optimum Pressurization Fractions 
KO, 
The problem ilntfer cumdvration is, to detc.n~rine the 
optimum (lowcrt mass) ullagr le\ c4s anal~-tic.ally. 
0.1 < -" < 0.69 be cwncIuded that the high-tempntttre c.ritc.rioir will k 
E?rplicitly, considming first-order terms only 
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An ordtbr of n-lqnitudr analy5ir of t h t w  deri\atives 
Thcwfore, \vr iwglrct the s e c w i c  t t m i  on the right in 
Eq. (€3-2) and wt ;f:/&:, = 0 to  obtain the extremum. 
The same conch ion  is rrached if t r -  is considered vari- 
able with (I, fixed. This, \vv h a i r  the fo1hviIig quadratic 
cquatioii in r,,: 
Solving for jry)cp, (the optimum tilhge point;: 
(**) ,>pt  -- -- e, -z (Ci - c,):'= , (B-3) 
If Eq. (B-3) indicate5 t\vn poyitive xaluc, for j ~ , , : i , ~ ~  
then relation (-4-6) in .4ppendix A may be usrd to dtter- 
mine which value is the phywally significant OTIC. 
To use Eq. (H-3), a value for (I, milst b knowri. The 
terms involving U ,  may be ntaglzcttul (i.e., set €3 r z  1) with 
the loss of accwracy in depending on the propellant 
under cx)nsideration. In all caws consickred to date, the 
error i1tdricu.d in (rtrjOQI 1))- setting B 2: 1 would be less 
than 1%.  However, to incliide gl ,  an empirical relation 
hxs bren plotted to p v e  u, as a fmctiion of p,.?, a readily 
a\.ailable propt4ant property. This ciin'e was derived 
from the r t d t s  for the six propellant5 w-hich have b c w i  
analy;.ctl. The c.oinputer program, \vhch gave t h e  data 
for plotting Figs. 1 through 20. also gave ui at each iiliapr 
level. For each propellant. the value of U. at (rb),>,F, was 
obtained, arid this point is plotted against the \ ' a p r  pres- 
sure on Fig. H-1.  
An illtistration of the use of Eq. (B-31 follow for the 
IRFSA propellant tank. Assume T,, = 0.9. The param- 
eters are: 
22 
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Fig. B-  1. Room temperature tank wall stress versus vapor pressure at sterilization 
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NOMENCLATURE 
IncduIus of elasticity, lbf/in.l 
safety factor on tank yield strcss diiring flight 
prc-ssi iri za tion fraction 
safety factor on tank yield stress at T ,  
safety factor on tank yield stress at  T ,  
rwrection factor on nominal yicxld strengh 
dw to high temperature {T,) 
polytropic expansion ratio 
mass pressurimtion gas, Ibm 
mahs of propr~llnnt, Ibm 
mass of propellant tank. Ibm 
atmospheric pressure, Ibf/in.: 
tank prrs\\ire after cornyletc. expulsion 
uf propcllan t , I hf/in. 
norriinal operating pressure. lbf/in.: 
total tank pressure at T , .  T,, Il)f/in.z 
tank gage pressiire at TI ,  T,, Ihf/in.l 
partial pressures of the prvssiirizirrg gas 
at T,.  T , .  Ibf/in.' 
vapor pressure of propt~llant at T,, T,. lbf/in.2 
gas cnnstant, lbf-iii./lbni-c~R 
radiiis o f  tank at T,, prcyressur1md, in. 
radius of tank at T I ,  not prepwsstirized. in. 
ritditrs o f  tank at T ,  
(inclrtding prvssiire effects only), in. 
radius of tank at TZ 
(i~rcluding temperature c~ffects only). in. 
radius of tank at T ,  (including both tenqxra- 
ture and pressure effects), in. 
tank radius at time of cwmplete expulsion 
of propeIlant, in. 
wall thickness at  TI 2nd u -- 0, in. 
wall thickness at TI. prepressiirizcd, in. 
wall thickness at T,, in. 
tank wall thickness at T.,, in. 
temperature, ' R 
loading temperatiire. R 
deriliziition tcmptwtitre ( ;> T, 1. 'H 
flight temlxrature, "II 
tcmperaturt. of gas at coniplctr t.spulsion 
of prapllant,  'H 
volume of propellant at  T , ,  T,, in." 
volumc of tank at T , ,  nnpreswrizd, in. 
volrir~w of prqm-ssiirized taiik at T,, in.' 
volume of presstinzed taiik at T,. in. 
vohime of tank at T , ,  in. 
voltimr o f  tank at complrtc vxpitlsiori 
o f  propellant, in.. 
tillagc~ volumt- at Ti.  T1. in.  
mliime of p-essiirizing gas at T.: .  in:, 
\ olume of pressurizing gas at T,, in." 
\rrld factor 
taefficient of thermal t.spansion, ( F)  
Poisson's ratio of tank material 
fraction of the operating prcssiire 
iillagc. fraction at t h l h  iinprehsiiriaLd coiidition 
optiinurn rillage fraction 
dcmsity of t.mk material at T ,  ( ( r I  
Ibm/in. 
dmsity o f  tank mattsriitl at T1 and (r2: 
Ibni/in:' 
pr~pellarrt density at TI,  T,, Ibm/in." 
strew of tank material, Ibf/in.2 
stress at P,. Ibf/in.' 
stress at  P,,  Ihf/in.: 
allo\valle design stress at T, with safety 
factor of 2.2 included, I l~f / in .~  
nllo\val)lr design stress at T? with safety 
factor of 1.1 inchidtad, Ibf/in.? 
wall stress at T ,, Ibf/in. 
wall stress at T,, Ibf/in:' 
stress during flight, Ihf/in.; 
~ O i ,  
b 
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